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propertiesAbstract Nanostructured ternary semiconducting (PbS)x(CuS)1x thin ﬁlms were grown on glass
substrates by successive ionic layer adsorption and reaction (SILAR) technique at room tempera-
ture. The structural, morphological and optical characterizations of the ﬁlms were carried out by X-
ray diffraction, scanning electron microscopy and UV–Vis spectrophotometer respectively. The
structural studies revealed that, (PbS)x(CuS)1x ﬁlms are nanocrystalline in nature and have mixed
phase of cubic PbS and hexagonal CuS. The optical absorption measurements showed that band
gap energy of (PbS)x(CuS)1x can be engineered between 2.57 and 2.28 eV by varying composi-
tional parameter ‘x’. The room temperature dc dark electrical resistivity of PbS ﬁlm is found to
be 28.85 Xcm and it decreases when content of Cu in composite increases and becomes 0.05 Xcm
for pure CuS. The thermo-emf measurements showed that the as deposited (PbS)x(CuS)1x ﬁlms
are of n-type. The water angle contact measurements of (PbS)x(CuS)1x, revealed that, ﬁlms are
hydrophilic in nature and it could be advantageous in electrochemical application.
ª 2014 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
In the past few decades, there has been an increasing interest in
semiconducting chalcogenide (sulﬁdes, selenides and tellurides)
thin ﬁlms, due to their wide range of applications in various
ﬁelds of science and technology. The semiconducting thin ﬁlms
especially nanocrystalline have been playing an important role
in the development of solar selective coatings, solar cells,
photoconductors, sensors, antireﬂection coatings, interference
items, polarizers, narrow band ﬁlters, wave guide coatings,
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solar coatings etc. [1]. In order to reduce the cost of device,
efforts have been made by various researchers to explore the
cost effective methods to deposit different chalcogenide binary
and ternary thin ﬁlms. During last three decades, Successive
Ionic Layer Adsorption and Reaction (SILAR) method has
been emerged as one of the economic and simple solution
methods to deposit a variety of metal chalcogenide, selenide
and oxide thin ﬁlms. In SILAR method, to prepare thin ﬁlms
substrates are immersed into separately placed cationic and
anionic precursors and precipitate formation in the solution,
i.e. wastage of the material thus avoided [2]. The layer-by-layer
growth of the material is achieved by dipping the substrate
alternately into separately placed cationic and anionic precur-
sors. After every cationic and anionic immersion the substrate
is rinsed in distilled water to remove the un-adsorbed ions from
the surface. A variety of materials such as insulators, semicon-
ductors, metals and temperature sensitive materials like poly-
ester can be used as a substrate since the deposition is
carried out at or near to room temperature. As it is a low tem-
perature process, it avoids oxidation and corrosion of the sub-
strate. In spite of this SILAR having a number of advantages
as compared to other methods; it does not require vacuum at
any stage, doping of any element can be achieved easily, ﬁlm
thickness can be easily controlled by adjusting the number of
deposition cycles, operating at room temperature, no restric-
tions on substrate material, dimensions or its surface proﬁle
etc. [3,4]. The prime requisite for obtaining good quality thin
ﬁlm is the optimization of various preparative parameters
viz. concentration of precursors, nature of complexing agent,
pH of the precursor solutions and adsorption, reaction and
rinsing time durations etc. The present article describes succes-
sive ionic layer adsorption and reaction method for the depo-
sition of (PbS)x(CuS)1x chalcogenide thin ﬁlms.
In solar energy research, PbS thin ﬁlms were investigated
for photo thermal conversion applications, either indepen-
dently or in multi-layer stacks of PbS–CdS–PbS, (PbS)1x(-
CdS)x composites [5]. The PbS–CdS bilayer system has been
used as selective coating for efﬁcient photo thermal conversion
to obtain high absorbance in the UV–Vis solar spectral region
and high reﬂectance in the IR region [6]. Also the application
of lead sulﬁde (PbS) thin ﬁlms in infrared sensors has been
known for a long time [7,8]. The most often used method to
deposit PbS thin ﬁlms is probably chemical bath deposition
(CBD), utilizing often room temperature, normal pressure,
and aqueous solutions. The PbS thin ﬁlms deposited by
CBD are in general polycrystalline and, depending on the sub-
strate, the ﬁlms can show preferential orientations [9–13]. CuS
thin ﬁlms are also of current interest in various optoelectronic
applications. Nair et al. [14] have reported optoelectronic
properties of chemically deposited CuxS thin ﬁlms. The ﬁlmsTable 1 Deposition scheme for the growth of (PbS)x(CuS)(1x) thin
Preparative parameters Cationic precursor
Pb(CH3COO)2
Concentration (M) 0.05
pH 11
Immersion time (S) 30
Rinsing time (S) 30were polycrystalline and showed no preferred orientation.
Fernander and Nair [15] have prepared CuxS and PbS-CuxS
ﬁlms and used them in transparent polymer coatings. Chain
and Vook [16] have studied growth mechanism and structural
characteristics of CuxS on single crystal copper ﬁlms. Lindroos
et al. [17] have prepared copper sulﬁde thin ﬁlms by successive
ionic layer adsorption and reaction method at room tempera-
ture. In addition to this, many reports are available on chem-
ically deposited ternary composite thin ﬁlms such as
Pb1xFexSe [18], Bi2xSbxSe3[19] (CdS)x(PbS)1x[20], CdS–
CuxS [21], PbS–CuxS [22], Bi2S3–CuxS [23,24], Cd1xZnxS
[25–28] (CdS)x(Bi2S3)1x[29], Cd1xFexS [30–32], and sug-
gested their applications in the area of energy conversion
and solar energy utilization due to the modiﬁcation in electri-
cal and optical properties. However, there is no report on
(PbS)x(CuS)1x thin ﬁlms by SILAR route, as far as we know.
In the present work, for the ﬁrst time, (PbS)x(CuS)1x thin
ﬁlms have been grown at room temperature by employing
SILAR method and the composition dependent structural,
surface morphological, electrical and optical properties are
discussed.
2. Experimental details
SILAR is an attractive and less expensive method for the prep-
aration of composite nanostructured thin ﬁlms based on bot-
tom up process. The important thing before the deposition
of ﬁlm is the careful cleaning of the substrate. The slides were
washed with liquid detergent and then boiled in concentrated
chromic acid (0.5 M) for 2 h, and kept in it for next 48 h.
Finally, substrates were ultrasonically cleaned with double dis-
tilled water for 15 min. For the deposition of (PbS)x(CuS)(1x)
thin ﬁlms, 0.05 M lead acetate and 0.05 M cupric acetate solu-
tions were taken as cationic precursors and 0.05 M thioacteta-
mide as anionic precursor. The pH of the anionic and cationic
precursors was adjusted to 11 and 8 by adding ammonia
(Table 1). One SILAR growth cycle has eight steps: (a) To
grow (PbS)x(CuS)(1x) thin ﬁlm, the substrate was ﬁrst
immersed in lead acetate solution for 30 s, where lead ions
were adsorbed on the surface of the glass substrate. (b) In
the second step the substrate was rinsed for 30 s in double dis-
tilled water to remove loose and unadsorbed Pb2+ ions from
its surface. (c) The substrate was then immersed in thioacteta-
mide solution for 30 s, where the S2 ions react with pre-
adsorbed Pb2+ ions on the substrate surface to form PbS layer.
(d) Finally the substrate was again rinsed in double distilled
water to remove loose and un-adsorbed material from the sur-
face. (e) After that, substrate was immersed in the cupric ace-
tate solution for 30 s to adsorb Cu2+ ions on the pre adsorbed
PbS layer. (f) The un-adsorbed Cu2+ ions were removed from
the substrate by rinsing it in double distilled water for 30 s. (g)ﬁlms.
Anionic precursor
Cu(CH3COO)2 C2H5NS
0.05 0.05
8 11
30 30
30 30
Table 2 (PbS)x(CuS)(1x) ﬁlm.
Films Composition
parameter (x)
Number of SILAR cycles Thickness
(nm)
PbS CuS
PbS 1.00 60 00 375
PbS0.75CuS0.25 0.75 45 15 303
PbS0.5CuS0.5 0.50 30 30 291
PbS0.25CuS0.75 0.25 15 45 285
CuS 0.00 00 60 278
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tion for 30 s, where S2 ions react with Cu2+ to form a layer
of CuS. After repeating a sufﬁcient number of cycles,
(PbS)x(CuS)(1x) composite thin ﬁlms were deposited. The
number of deposition cycles for CuS and PbS was adjusted
to obtain various compositions of (PbS)x(CuS)1x (Table 2).
The thickness of the composite (PbS)x(CuS)(1x) thin ﬁlm
was measured by weight difference method using the relation,
t ¼ m
Aq
ð1Þ
where m is the mass of the deposited ﬁlm which covers area A
(cm2) and q is the bulk density of the (PbS)x(CuS)(1x) mate-
rial. The density of CuS and PbS was taken as q= 5.4
g/cm3, and 4.8 g/cm3 respectively. The densities of the compos-
ite (PbS)x(CuS)(1x) thin ﬁlms were estimated by considering
compositional parameter ‘x’ [33]. The weights of the deposited
ﬁlms were determined by using an electronic microbalance. In
the present investigation thickness of (PbS)x(CuS)(1x) ﬁlms
measured using sensitive microbalance is listed in Table 2.
The structural properties of the (PbS)x(CuS)(1x) composite
thin ﬁlms were studied by a PANalytical X’Pert PRO MRD
X-ray diffractometer with CuKa radiation of wavelength
0.154 nm. The surface morphological investigations were per-
formed using JOEL’S JSM-7600F scanning electron micro-
scope. The optical absorption studies were carried out using
UV–Vis spectrophotometer (Perkin Elmer, Lambda 25) in
the wavelength range 400–1100 nm. The electrical resistivity
measurements were carried out using dc two point probe
method in the temperature range 303–488 K. The thermo-CA B
Figure 1 Photograph of (PbS)x(CuS)(1x) composite thin ﬁlms: (A
(CuS)0.75 and (E) CuS.emf developed across the sample due to application of temper-
ature gradient was measured to ﬁnd the type of electrical
conductivity.
3. Results and discussion
3.1. Growth mechanism of (PbS)x(CuS)(1x)
The growth mechanism of (PbS)x(CuS)(1x) composite thin
ﬁlm by the SILAR process involves layer-by-layer growth of
PbS and CuS material onto the substrate. To grow the ﬁrst
PbS layer, the substrate was immersed in cationic precursor
Pb(CH3COO)2 where, Pb
2+ ions were adsorbed on the glass
substrate.
PbðCH3COOÞ2 ! Pb2þ þ 2CH3COO ð2Þ
After the removal of loosely adsorbed cations from the sub-
strate surface by rinsing in double distilled water, it was
immersed in anionic precursor, C2H5NS, (TAM) where S
2
ions react with Pb2+ to give PbS as,
ð3Þ
The intermediate compound formed dissociates to give H2S as
ð4Þ
In an aqueous acidic medium H2S dissociated to give,
H2S! Hþ þ SH ð5Þ
SH ! Hþ þ S2 ð6Þ
S2 ions react with Pb2+ ions in solution to give,
Pb2þ þ S2 ! PbS ð7Þ
To grow CuS layer after rinsing the substrate in distilled water,
it was immersed in cupric acetate precursor, where Cu2+ ions
get adsorbed on the glass substrate,
CuðCH3COOÞ2 ! Cu2þ þ 2CH3COO ð8ÞD E
) PbS, (B) (PbS)0.75(CuS)0.25, (C) (PbS)0.5(CuS)0.5, (D) (PbS)0.25
230 A.U. Ubale et al.The unabsorbed Cu2+ ions were removed out by rinsing the
substrate in double distilled water and then immersing in anio-
nic precursor C2H5NS to grow CuS layer,
Cu2þ þ S2 ! CuS ð9Þ
The overall reaction to grow (PbS)x(CuS)(1x) can be proposed
as,
xPb2þ þ ð1 xÞCu2þ þ S2 ! PbxCu1xS ð10Þ
Several deposition trials were performed to optimize various
deposition parameters to prepare good quality adhesive
(PbS)x(CuS)(1x) thin ﬁlms (Table 1). Finally, PbS, CuS and
composite CuS0.25 PbS0.75, CuS0.75 PbS0.25 and CuS0.5 PbS0.5
thin ﬁlms were grown at room temperature by adjusting the
number of SILAR cycles (Table 2). Fig. 1 represents photo-
graph of (PbS)x(CuS)(1x) composite thin ﬁlms which shows
that, the color of the ﬁlm changes depending on its composi-
tion. All the deposited ﬁlms were uniform, homogeneous, pin-
hole free and well adherent to the substrate. The as grown PbS
ﬁlms are dark golden-brown in color and CuS ﬁlms are green-
ish-brown. It was observed that ﬁlm color was changed from
dark golden brown to greenish brown as the composition
parameter (x) was varied from 1 to 0 which conﬁrms various
compositions of (PbS)x(CuS)1x thin ﬁlm.
3.2. Structural characterization
The structural characterizations of (PbS)x(CuS)(1x) thin ﬁlms
were carried out using X-ray diffraction (XRD) technique. The
X-ray diffraction patterns of (PbS)x(CuS)1x composite ﬁlms
are shown in Fig. 2. The peaks of XRD patterns have been
assigned in accordance with the standard JCPDS cards of
PbS (78–1899) and CuS (75–2233, 3–724, 75–620)(Table 3).10 20 30 40 5
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Figure 2 XRD of (PbS)x(CuS)(1x) composite thin ﬁlms: (A) PbS, (B)
(E) CuS.According to literature CuS ﬁlms prepared by chemical route
are generally amorphous [34–37], and PbS are polycrystalline
in nature [38–40]. However in the present investigation it is
observed that both PbS as well as CuS ﬁlms (x= 1 and 0)
are nanocrystalline in nature, with cubic and hexagonal lattice
respectively. The (002) and (004) orientations due to hexago-
nal lattice are prominent in CuS and (111) and (200) orienta-
tions due to cubic lattice are distinct in pure PbS [41–43].
However, at x= 0.5 i.e. for (PbS)0.5(CuS)0.5, strong orienta-
tions due to CuS and PbS disappear. The crystallite size of
the deposited material was calculated by using Scherer’s
formula,
D ¼ 0:9k
b cos h
ð11Þ
where k is the wavelength used (0.154 nm), b is the angular line
width at half maximum intensity, h is Bragg’s angle and D is
the average crystallite size. The average crystallite size of
(PbS)x(CuS)1x increases from 17 to 33 nm as ‘x’ changes from
1 to 0 (Table 4). The strain in the ﬁlm (e) was calculated by
using formula,
e ¼ bCosh
4
ð12Þ
However, the dislocation density (d), deﬁned as the length of
dislocation lines per unit volume of the crystal, was estimated
by using relation,
d ¼ 1
d2
ð13Þ
The calculated values of the strain (e) and dislocation density
(d) are listed in Table 3. The dislocation density of (PbS)x
(CuS)1x is 9.15 · 1010 and 33.92 · 1010 nm2 at x= 1 and 0
respectively. The strain introduced between the as-deposited0 60 70 80 90
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Table 3 Comparison of observed XRD data of thin ﬁlms with the JCPDS cards (PbS:78–1899 and CuS: 75–2233, 3–724, 75–620).
Film Observed values Standard value hk l Phase
2h () d (A0) 2h () d (A0)
PbS 26.038 3.42222 26.033 3.42 111 PbS
30.1182 2.96725 30.149 2.961 200
43.1378 2.09711 43.16 2.094 220
51.108 1.78722 51.098 1.786 311
53.5154 1.71236 53.574 1.71 222
62.6933 1.48196 62.685 1.48 400
69.177 1.35805 69.057 1.358 331
71.0565 1.32668 71.118 1.324 420
79.0953 1.21079 79.144 1.209 422
84.8415 1.14191 85.016 1.14 511
PbS0.75CuS0.25 10.923 8.1364 10.867 8.135 002 CuS
25.9987 3.45342 26.033 3.42 111 PbS
30.0276 2.976 30.149 2.961 200 PbS
43.1275 2.08928 43.16 2.094 220 PbS
51.09 1.7813 51.098 1.786 311 PbS
53.419 1.7123 53.574 1.71 222 PbS
67.972 1.37816 68.041 1.3767 118 CuS
85.0836 1.1482 85.016 1.14 511 CuS
PbS0.5CuS0.5 10.9071 8.16617 10.867 8.135 002 CuS
64.0526 1.45375 63.943 1.4536 205 CuS
68.1837 1.3754 68.041 1.3767 118 CuS
85.1397 1.1458 85.016 1.14 511 PbS
PbS0.25CuS0.75 10.838 8.1535 10.867 8.135 002 CuS
21.6313 3.99884 21.618 4.0675 004 CuS
85.107 1.14896 85.016 1.14 511 PbS
CuS 10.95 8.19825 10.867 8.135 002 CuS
21.7537 4.08555 21.618 4.0675 004
35.2241 2.539 35.232 2.5453 104
47.5749 1.91136 47.632 1.9 110
57.0542 1.61385 57.005 1.6142 202
63.3501 1.46695 63.112 1.4719 205
Table 4 Thickness, activation energy and band gap energy of (PbS)x (CuS)(1x) thin ﬁlms.
Film Film composition Thickness
(nm)
Grain Size
(nm)
Dislocation density
(d · 1010) lines/cm2
Strain
(e · 104)
q at 303 K
(Xcm)
Activation Energy
(eV)
Band gap energy
(eV)
A PbS 375 33 09.15 10.88 28.85 0.22 2.57
B (PbS)0.75(CuS)0.25 303 26 15.29 14.30 6.77 0.18 2.46
C (PbS)0.5(CuS)0.5 291 25 16.99 14.79 0.42 0.10 2.42
D (PbS)0.25(CuS)0.75 285 18 32.57 21.06 0.22 0.04 2.38
E CuS 278 17 33.92 22.33 0.05 0.03 2.28
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10.88 · 104 to 22.33 · 104 Lin2 nm as ‘x’ changes from 1
to 0. This variation in strain and dislocation density may inﬂu-
ence the properties of nanostructured thin ﬁlms.
3.3. Morphological studies
Surface morphology of material plays an important role in
fabrication of solar energy devices. Scanning electron micro-
graphs of the as deposited (PbS)x (CuS)1x thin ﬁlms grown
by SILAR method at room temperature and normal pressureonto glass substrates are shown in Fig. 3. It is seen that the
substrate is well covered by the (PbS)x(CuS)1x material. For
x= 1 i.e. for PbS the surface shows irregular shaped rounded
grains with agglomeration of grains at some places. Also the
grain boundaries are not well deﬁned, and hence it was difﬁcult
to calculate the exact average value of grain size from SEM
image. However, the ﬁlm morphology clearly shows improve-
ment in the porous nature as ‘x’ increases. This increased con-
tent of CuS in (PbS)x (CuS)1x shows formation of disk type
or ﬂower type structure with lessening of rounded grains. At
higher content of CuS in (PbS)x(CuS)1x i.e. for x< 0.25
(A) (B)
(C)
(E)
(D)
Figure 3 SEM images of (PbS)x(CuS)(1x) composite thin ﬁlms: (A) PbS, (B) (PbS)0.75(CuS)0.25, (C) (PbS)0.5(CuS)0.5, (D)
(PbS)0.25(CuS)0.75 and (E) CuS.
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Figure 4 Dark I–V characteristic of (PbS)x(CuS)(1x) composite
thin ﬁlms: (A) x= 1, (B) x= 0.75, (C) x= 0.5, (D) x= 0.25, (E)
x= 0.
232 A.U. Ubale et al.and 0, the ﬁlm surface shows ﬂower-like morphology with
overgrowth. Such ﬂower like morphology was represented by
Wang et al. [44] for chemically deposited CuS thin ﬁlms. Thus
it is seen that, addition of CuS in PbS improves the porous
morphology of the composite ﬁlm.
3.4. Electrical characterization
Before measuring the resistivity of the deposited ﬁlm, the nat-
ure of the contact of (PbS)x(CuS)1x/Ag was checked by plot-
ting current voltage characteristics using two point probe
method in dark as well as under illumination. The silver paste
was used to make ohmic contacts for (PbS)x(CuS)(1x) thin
ﬁlms. I–V characteristics under dark at room temperature
for the ﬁlms are shown in Fig. 4. The nature of the I–V
curve is linear indicating ohmic contact of silver with
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Figure 5 Photo I–V characteristic of (PbS)x(CuS) (1x) composite thin ﬁlms.
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with a decrease in x; the CuS ﬁlm is more conducting than
PbS; at 30 volt, the dark current of PbS is 20 mA and it
increases gradually and becomes 137.8 mA for CuS. The con-
ductivity of the composite increases with Cu content in
(PbS)x(CuS)1x. The ﬁlm of composition (PbS)0.25(CuS)0.75 is
more conducting than (PbS)0.75(CuS)0.25. Fig. 5 shows IV char-
acteristics of (PbS)x(CuS)1x ﬁlms under illumination. It was
observed that PbS ﬁlms are photosensitive, however CuS ﬁlms
are more conducting but less sensitive to light. The rise and
decay of photocurrent in freshly prepared PbS ﬁlm was studied
in air for 100 Lux light intensity with an applied voltage of 25volt (Fig. 6). It was observed that photocurrent increases
slowly but not linearly with time. No steady state photo cur-
rent was observed even after 200 S. Also the growth and decay
time is nearly same. However this type of behavior was not
observed for other composite ﬁlms.
In the present study, two point dc probe method of dark
electrical resistivity was used to study the variation of resistiv-
ity with temperature. The DC-electrical resistivity measure-
ments were carried out in the temperature range 303–488 K.
The variation of electrical resistivity with temperature conﬁrms
the semiconducting behavior of (PbS)x(CuS)(1x). Fig. 7 shows
the variation of logarithm of electrical resistivity (logq) with
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Figure 6 The rise and decay of the photocurrent with time for
PbS thin ﬁlm.
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Figure 7 Variation of electrical resistivity log(q) versus recipro-
cal of temperature for different composite PbSxCuS1x thin ﬁlms
i.e. (A) x= 1, (B) x= 0.75, (C) x= 0.5, (D) x= 0.25 and (E)
x= 0.
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Figure 8 Variation of thermo-emf with temperature difference
applied across composite PbSxCuS1x thin ﬁlm for (A) x= 1 (B)
x= 0.75 and (C) x= 0.5, (D) x= 0.25 and (E) x= 0.
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Figure 9 Optical absorption (at) vs. wavelength (nm) for
composite (PbS)x(CuS)1x thin ﬁlm (A) x= 1 (B) x= 0.75 and
(C) x= 0.5, (D) x= 0.25 and (E) x= 0.
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The resistivity of (PbS)x(CuS)1x decreases with increase in ‘x’.
This decrease in resistivity with increased content of CuS in
PbS may be due to increased free electron concentration. Also
Table 4 shows that, when the content of CuS in (PbS)x
(CuS)1x ﬁlm increases the activation energy decreases. This
decrease in activation energy could be attributed to the forma-
tion of interstitial levels due to composite material and ioniza-
tion energies due to oxygen vacancies.
3.5. Thermo emf studies
Thermo-emf measurement is a simple method and its sign pro-
vides vital information about the type of electrical conductivity
whether it is n-type or p-type [45]. The thermo emf measure-
ments were carried out by applying temperature difference
across the ﬁlm and it was observed that the polarity of ther-
mally generated voltage at hot end is positive indicating thatﬁlms are of n-type. The variation of induced emf with applied
temperature difference across (PbS)x(CuS)1x thin ﬁlms is
shown in Fig. 8. The induced emf increases with applied tem-
perature difference, which can be attributed to the increased
concentration and mobility of the charge carriers in the ﬁlm.
Also, at a given temperature, it was observed that the magni-
tude of induced emf increases with the increased content of
PbS in (PbS)x(CuS)1x.
3.6. Optical characterization
The absorption spectra, is direct and the simplest method for
probing the band structure of semiconductors. The UV–visible
optical absorption measurements for composite (PbS)x
(CuS)1x ﬁlms were carried out using Perkin Elmer UV–Vis
Lambda 25 double-beam spectrophotometer. The wavelength
range was between 400 and 1100 nm. Fig. 9 shows the
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Figure 10 Plots of (ahm)2 vs. hm for composite (PbS)x(CuS)1x
thin ﬁlm: (A) x= 1 (B) x= 0.75 and (C) x= 0.5, (D) x= 0.25
and (E) x= 0.
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(CuS)1x ﬁlms. It was observed that, the absorption edge shifts
toward the longer wavelength side as ‘x’ increases. The nature
of the transition (direct or indirect) was determined by using
the relation.(A)
(C)
(E)
Figure 11 Water contact angle of composite (PbS)x(CuS)1x thin ﬁlm
x= 0.ahm ¼ Aðhm EgÞ1=2 ð14Þ
where, hm is the photon energy, Eg is the bandgap energy and A
and n are constants. For allowed direct transition n =½ and
for allowed indirect transition n= 2. The plots of (ahm)2 vs.
(hm) are shown in Fig. 10. The direct optical band gap has been
calculated by extrapolating the linear portion of the curve to
photon energy (hm) axis for zero absorption coefﬁcients. It
was found that the band gap of (PbS)x(CuS)1x is decreased
from 2.57 to 2.28 eV as the ﬁlm composition was changed from
PbS to CuS (Table 4).
3.7. Contact angle measurements
Water contact angle measurement is a convenient way to
determine the hydrophilicity and hydrophobicity of the mate-
rial. The wetting of solid with water, where air is the surround-
ing medium, is dependent on the relation between the
interfacial tensions (water/air, water/solid and solid/air). Both
super-hydrophilic and super-hydrophobic surfaces are impor-
tant for practical applications. Fig. 11 shows photographs of
water drop on (PbS)x(CuS)1x thin ﬁlms. The mean value of
water contact angle was recorded after repeating the experi-
ment at ﬁve different positions. For the as-deposited of com-
posite (PbS)x(CuS)1x thin ﬁlm, the water contact angle was(B)
(D)
: (A) x= 1 (B) x= 0.75 and (C) x= 0.5, (D) x= 0.25 and (E)
236 A.U. Ubale et al.found to decrease from 96 to 44 as ‘x’ changes from 1 to 0.
For x= 1 and 0.75 the ﬁlm shows hydrophobic nature
whereas for x= 0.50, 0.25 and 0 the ﬁlm shows hydrophilic
behavior [46]. The as-deposited composite ﬁlm shows hydro-
philic nature with increased content of CuS in (PbS)x(CuS)1-
x. As the porous nature of the ﬁlm increases, water goes inside
the tiny holes, as a result the contact angle was found to be
decreased. Such type of behavior of the ﬁlm electrode is suit-
able for making intimate contact with aqueous electrolyte in
electrochemical application. Also, this type of hydrophilic
behavior of thin ﬁlm electrode has been proved to be suitable
in the development of electrochemical supercapacitors [47,48].
4. Conclusions
A simple and convenient SILAR method can be employed to
deposit good quality (PbS)x (CuS)1x composite thin ﬁlms.
The deposited ﬁlms are uniform and adherent to the substrate.
The electrical, optical and structural properties of composite
(CuS)x (PbS)1x thin ﬁlms were studied. The XRD studies
revealed that (PbS)x(CuS)(1x) thin ﬁlms are nanocrystalline
in nature. The optical properties showed that band gap energy
changes from 2.57 to 2.28 eV depending on ﬁlm composition.
The average crystallite size was found to vary between 33
and 17 nm depending on ﬁlm composition. The variation in
resistivity and activation energy is also composition depen-
dent. These properties can be well used in solar energy conver-
sion devices.
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